Abstract: This viewpoint article examines Environmental Impact Assessment (EIA) practices in developed and transitioning nations, identifies weaknesses, and proposes a new quantitative approach. The literature indicates that there exists little to no standardization in EIA practice, transitioning nations rely on weak scientific impact analyses, and the establishment of baseline conditions is generally missing. The more fundamental issue is that the "receptor"-based approach leads to a qualitative and subjective EIA, as it does not adequately integrate the full measure of the complexity of ecosystems, ongoing project risks, and cumulative impacts. We propose the application of a new framework that aims to ensure full life cycle assessment of impacts applicable to any EIA process, within any jurisdictional context. System-Based EIA (SBEIA) is based on modeling to predict changes and rests on data analysis with a statistically rigorous approach to assess impacts. This global approach uses technologies and methodologies that are typically applied to characterize ecosystem structure and functioning, including remote sensing, modeling, and in situ monitoring. The aim of this approach is to provide a method that can produce quantifiable reproducible values of impact and risk and move EIA towards its substantive goal of sustainable development. The adoption of this approach would provide a better evaluation of economic costs and benefits for all stakeholders.
Introduction
It has been nearly half a century since Environmental Impact Assessment (EIA) became part of US federal legislation as an integral part of their environmental management program. The passage of the National Environmental Policy Act (NEPA) legislation in 1969 fixed as objectives to "prevent or eliminate damage to the environment" and "enrich our understanding of the ecological systems and natural resources" (NEPA 42 US Code § 4321). One of the ways US NEPA legislation accomplishes this is by requiring EIAs to be performed by all federal agencies involved in projects, which could have significant human environmental health impacts, risk to ecological health, and changes to nature's services [1] . EIA is thus one of the public policy instruments dedicated to sustainability. EIA is a decision-making tool intended to contribute to the economic development of societies, while limiting the impact on the environment. However, the production and use of EIA in its various forms is not self-evident and deserves improvement as new methods in natural and engineering sciences become available. In addition, an investigation through the prism of the social sciences of politics is necessary in order to understand how the EIA process and methodology can be improved on a practical level.
Environmental quality issues and natural resource management were never considered merely "local" or "national" problems. By the end of the 19th century, early nature protection movements recognized that environmental protection is both a global issue and a universal concern, albeit in the context of colonial administrations [2] . It was, however, not until the 1960s and 1970s that broad legal frameworks were negotiated and ratified by international community. An important step in this process was the 1972 United Nations Conference on the Environment in Stockholm, when the United Nations Environment Program (UNEP) was established. During the next 20 years, many other countries followed the US and UN initiatives, including: Australia (1974), Thailand (1975) , France (1976) , Philippines (1978) , Israel (1981) and Pakistan (1983) , who all passed environmental legislation requiring environmental impact assessment [3] . As of 2012, more than 100 countries have instituted EIA systems [3] .
Even if there is a consensus about the purpose of an EIA, there is no international legislation that defines the content. EIA aims to determine what potential changes in the environment occur from economic development, utilizing, when possible, statistically robust tests inferring changes in certain receptors from consecutive (i.e., before and after) or simultaneous (i.e., paired) samplings carried out in impacted and non-impacted conditions [4] . Nevertheless, professional organizations, such as the International Association for Impact Assessment (IAIA), define an EIA as being strictly an a priori process: " [ . . . ] the process of identifying, predicting, evaluating and mitigating the biophysical, social and other relevant effects of proposed development proposals prior to major decisions being taken and commitments made." [5] EIAs are thus-based primarily on evaluating specific criteria that predict whether an impact is "significant" or not [4] . Currently, the significance of an impact is based on the "best professional judgement" of the EIA team: a process that relies on individual expertise and is applicable only in the context of particular projects, even if other approaches exist [6] [7] [8] . Because of this commonly admitted practice, quantitative measures of impact rarely support an EIA, and very few impact analyses rely on an ecosystem-based assessment [8] [9] [10] [11] [12] . The notion of "significant impact" has relied mainly on qualitative impact methodologies that were proposed as a stop-gap measure in the early 1970s, such as Leopold's methods [13] , when US regulators were overwhelmed with EIA reports [14] . These stop-gap measures have likely contributed to hindering the development, testing and adoption of quantitative techniques, while also having the effect of reassuring elected officials who felt quantitation eroded their decision-making power [6] . Thus, the effectiveness of EIA can be questioned, not only regarding decision-making [15] , but whether it has a substantive benefit to environmental sustainability. This is an objective that has been stated as the real goal of NEPA and other major environmental legislative actions around the world [3, 8, 16] . The principal objective of EIA is to ensure decisions made regarding policies and legislation are transparent and informed by the best possible evidence that can help avoid or reduce negative effects for government, industry and for society as a whole, while making it more likely that their aims are met.
In an examination of the European Union's Impact Assessment process for member states, Jacob (2010) [15] notes that the ex-ante Impact Assessment (IA) of policies is a powerful tool for integrating concerns of sustainable development as well as other cross-cutting strategies into sectoral policy-making in theory. However, there are only a few countries that explicitly refer to issues of sustainability in their guidelines for IA, notably the United Kingdom, Ireland, Switzerland and Belgium [15] . This can lead to shortfalls in EIA in the EU. Although all EU countries pursue the common goal to ensure coherence of new legislation with issues of sustainable development, the systems and practices of Sustainability Impact Assessment differ considerably. There is ongoing work in the EU to incorporate a tiered approach to EIA with the implementation of the strategic environmental assessment (SEA). Using both an EIA and SEA allows for the delineation of different tiers of decision making, something the NEPA guidelines do not outline as clearly. The EIA and SEA method can systematically assess environmental impact at all tiers and ultimately supporting more transparent, rigorous and systematic decision framework [15, [17] [18] [19] .
In this viewpoint article, our goal is to examine the ways in which quantification of impacts and risks to ecosystems would not only benefit decision makers for the determination of whether an impact is "significant", but also how it would allow all stakeholders (e.g., planners, managers, economists, engineers, contractors, industrialists) to make use of data-driven modeling of the effects of project activities to predict impact on different aspects of the ecosystem in terms of a probability with a quantifiable error, as suggested by Coston-Guarini et al. (2017) [2] . Achieving this within the EIA framework would be moving a step closer to meeting the original intent of environmental legislation: operating with natural systems in a more sustainable manner.
Approach to Problem
We review the background of the EIA process and how this legislation has been implemented in specific countries. Weaknesses in EIA application in developing nations and marine environments are then discussed. We then examine the role of scientific expertise and research in the process and the increasing importance of risk assessment. We close this viewpoint by suggesting a new possibility for renewing the EIA process by integrating data from new technologies with ecosystem-based modeling and moving away from the current reliance on receptor-oriented, qualitative assessments, to an analysis of receptors in a system in which they are quantitatively linked. This viewpoint contends that movement toward a quantitative ecosystem-based EIA (SBEIA) is a viable alternative to subjective impact assessments that can be implemented worldwide, even in transitioning nations, as quantified impacts provide a means to estimate possible costs associated with project impacts and risks. We contend this type of SBEIA approach is pertinent to lenders, project proponents, and other stakeholders.
Background of the EIA Process
Glasson asserts that the EIA procedures adopted by the US, the United Nations Environment Programme (UNEP), The World Bank, the European Union (EU), and other organizations and countries move through three preparatory phases prior to the start of the actual EIA [3] (Figure 1 ). These are:
1.
Consideration of Alternatives. This step evaluates various alternatives and approaches for the proposed action, such as different locations, scales, and designs. Many times, however, this step is neglected in both developed and transitioning nations.
2.
Screening. This step answers the question: does the project require an EIA? Environmental legislation or governmental authority usually governs this. Projects that might require EIA are those which might produce a significant change in a renewable resource, such as water resource projects, oil extraction, infrastructure and industrial projects, coastline development projects, mineral extraction, energy plants, and waste management. Most countries require screening of all public and private projects that require government approval.
3.
Scoping. Scoping is a phase that determines of the most important receptors for analysis, i.e., the ones susceptible to undergo the largest impacts. This step is intended to occur preferably before, or at least during, project development and it is also intended to develop a scientifically expert-based identification of receptors of impacts (biotic, abiotic, social, and economic). This step is usually given equal attention in both developing countries and transitioning countries [20] . Based upon a summary of Glasson [3] , Wathern [4] , and Petts [7] .
The actual EIA study (Assessment, sensu stricto) begins with the selection of receptors and the description of baseline conditions ( Figure 1 ). This is also associated with the determination of the likelihood and magnitude of impacts and their significance relative to the baseline description, and the proposition of mitigation measures, if deemed necessary. Each step has several additional considerations:
1. Description of baseline conditions. The baseline identification process often starts in the scoping phase by identifying gaps in available data and existing local knowledge. Baseline surveys are then completed with the aim of filling data gaps and, ideally, providing information at scales relevant to the impact assessment. Nonetheless, the definition of "baseline" appears to vary in EIA development, with some practitioners defining baseline as strictly the condition/trends in the existing environment they determine are likely to be significantly impacted. This usually consists of an analysis of receptors and the environmental processes that influence them, which include biotic or abiotic receptors and processes. However, the use of a "receptor-based" approach usually leads to baseline studies that only investigate those features that might be significantly impacted by the project, which fails to fully capture ecosystem processes and dynamics [21, 22] . 2. Selection of receptors. The development of objective criteria for the selection of receptors has been an issue in EIA for decades. In general, the rationale for the selection of receptors rests on a comprehensive analysis of the landscape, the project activities, the receptors that subject matter experts consider most likely to be negatively impacted, public opinion, the realistic ability to gather baseline and monitoring data, and coordination with other sustainability efforts in the region [23] . Donnelly et al. (2007) [23] reviewed existing criteria for receptor selection with a multi-disciplinary team and concluded that receptor selection should include: relevance to project plan, prioritization in accordance with economic, social, and environmental significance, and the ability to identify conflicts with other environmental objectives for the region. Other authors have suggested using landscape vulnerability evaluations, resources of interest, or the Figure 1 . Classic Environmental Impact Assessment (EIA) Workflow Chart. Based upon a summary of Glasson [3] , Wathern [4] , and Petts [7] .
1.
Description of baseline conditions. The baseline identification process often starts in the scoping phase by identifying gaps in available data and existing local knowledge. Baseline surveys are then completed with the aim of filling data gaps and, ideally, providing information at scales relevant to the impact assessment. Nonetheless, the definition of "baseline" appears to vary in EIA development, with some practitioners defining baseline as strictly the condition/trends in the existing environment they determine are likely to be significantly impacted. This usually consists of an analysis of receptors and the environmental processes that influence them, which include biotic or abiotic receptors and processes. However, the use of a "receptor-based" approach usually leads to baseline studies that only investigate those features that might be significantly impacted by the project, which fails to fully capture ecosystem processes and dynamics [21, 22] . 2.
Selection of receptors. The development of objective criteria for the selection of receptors has been an issue in EIA for decades. In general, the rationale for the selection of receptors rests on a comprehensive analysis of the landscape, the project activities, the receptors that subject matter experts consider most likely to be negatively impacted, public opinion, the realistic ability to gather baseline and monitoring data, and coordination with other sustainability efforts in the region [23] . Donnelly et al. (2007) [23] reviewed existing criteria for receptor selection with a multi-disciplinary team and concluded that receptor selection should include: relevance to project plan, prioritization in accordance with economic, social, and environmental significance, and the ability to identify conflicts with other environmental objectives for the region. Other authors have suggested using landscape vulnerability evaluations, resources of interest, or the selection of receptors based on the likelihood of impact during construction phases of the project or operation phases [23, 24] . 3.
Determination of impact likelihood and magnitude. This relies on the baseline conditions. Predicting impact likelihood and magnitude are some of the key tasks of EIA because these determine the significance of a particular impact. When possible, sensitivity analyses are done on these estimates, providing a basis for qualifying any expert input [25] . Canter and Sadler (1997) [26] performed the most recent comprehensive review of impact analyses methods used in EIA, which to date has not been updated nor replicated in the literature. Methods ranged from basic analog project comparative methods to the development of environmental indices used to qualitatively compare pre-and post-project conditions, and the use of statistical models for air and water quality parameter predictions. However, they noted that the mathematical modeling techniques available at the time did not comprehensively describe the baseline conditions, nor post-project conditions, and that they were prohibitive in most instances due to the need for extensive data input and calibration [26] . Indeed, most impact predictions have relied on expert, yet predominantly, subjective opinions.
4.
Impact significance is determined by the magnitude, duration, and extent of the predicted impacts. However, it can also be subjective and intertwined with values and inputs from various stakeholders. An impact at a large regional scale may be considered insignificant, but at a smaller, local scale could be highly significant. There have been attempts to quantify significance [6] , but this requires appropriate statistical analysis of available data [27] . The matrix published in Leopold et al. (1971) [13] that listed 8800 interactions as a result of project actions is still widely used today because it has the advantage of formalizing educated, but still subjective, reasoning [27] . They also noted that only a few of those 8800 interactions would have significant likelihood and magnitude. 5.
Mitigation. If impacts are found to be significant, mitigation measures must be proposed. Compensation is also an option when mitigation is deemed not possible and alternatives can be costed and compared. An "environmental management plan" is then developed to identify actions to be taken.
Nearing the end of the EIA process, results and recommendations are presented to the stakeholders in a variety of forms intended for different audiences. A critical step that must be observed is that this is presented not as a final decision but as a recommendation that monitoring and evaluation of project activities should continue. There is then a review of the study, which is sometimes, but not always, completed by an independent third party. The EIA process can however end here, but two additional steps may appear: first the addition of a long-term monitoring program, and second, a post-project audit may be done. These steps are intended to validate the initial conclusions of the EIA, but are rarely assessed in this context. These two steps, often recommended in the EIA documents, do not appear to be widely applied in practice, making any evaluation of the impact prediction impossible to perform.
How Does the EIA Process Compare in Different Nations?
The literature regarding the application of EIA globally is disparate and dated, however there do exist several studies that illustrate the challenges facing developed and transitioning nations. Briffett (1999) [28] identified differences in both developed and transitioning countries where "there are considerable variations in the EIA systems used, particularly in relation to the scope (public or private), scale (national, local) and content (physical, biological and social parameters)." Lee and George (2000) [29] described differences in the extent to which the guidelines were followed as due to broader issues, such as " . . . resources and administrative systems, social and cultural systems, and the level and nature of economic development." Donnelly et al. (1998) [30] , produced the most comprehensive directory of the state of EIA across the world in 1998, and which to date there has not been another comprehensive review. However, other authors have examined differences in the state of EIA and SEA practices between various countries, only with a smaller scope, such as differences between two or three countries or the challenges in developing nations. They have found similar results as Donnelly, such as lack of studies to evaluate the application of guidelines and lack of scientific rigor in impact analyses [20, [31] [32] [33] [34] . Donnelly et al. (1998) [30] , statements still definitively summarize the discrepancies between countries in the practical application of EIA via various legislative tools, guidance documents for EIA production, and the governmental authorities that are responsible for the decision-making resulting from the EIA. They note that "[ . . . ] where guidelines exist, they are often not used;" and interviews showed between 49-60% of policy makers, advisors, and consultants only occasionally used them [30] . Still, there have are very few studies on various guidelines, and this is an area that has been noted as lacking sufficient evaluation by UNEP [35] . In addition, Donnelly et al. (1998) [30] , and others have found that EIAs failed to use the best available science and that they reflected the needs of administrations rather than those of practitioners [19, 28, 30] .
A decade later Li (2008) [20] , writing for the Foundation for Environmental Security & Sustainability (FESS) and USAID, reported that EIAs throughout the developing world "fall short of international standards" and "[ . . . ] suffer from insufficient consideration of impacts, alternatives, and public participation. In a worst-case scenario, they are not conducted at all". The author reported that the countries with the strongest EIA procedures are: USA, Canada, Australia, New Zealand, and the Netherlands [20] (see Appendixs A and B for details).
Example of the Nigerian Case
African countries are cited as particularly lacking in guideline instructions for EIAs, even if most nations have environmental legislation in place requiring EIAs; in practice, there seems to be no effective implementation [7, 30, 36] . Nigeria is a case in point. Prior to 1970, agriculture was the primary economic activity in the country, then the oil industry burst on the scene [37] . Rapid urbanization and industrialization as a result of revenues from oil exploration led to increasing and unregulated environmental degradation. After the dumping of toxic waste in Koko Port in 1988, the country jumpstarted a series of environmental legislative policies, including the eventual requirement for an EIA [38] . The "knee jerk" legislative efforts led to the development of three EIA systems: the EIA Decree 86 (1992), the Town and Country Planning Decree 88 (1992) and the Petroleum Act (1969) [38, 39] . Several evaluations of the state of EIA in Nigeria have concluded that the system duplicates efforts due to similar requirements found in these legislative acts: there are too many conflicts of interest among EIA governing authorities, there exist important oversights in the quality of execution at all stages, there is a severe lack of public participation at all stages, and deficiencies in the competence of EIA practitioners. These contribute to generally poor EIA study quality [40, 41] . Specifically, there exists no code of conduct or certification for consultants. This can increase the potential for third-party consultants to evaluate impacts based on subjective criteria, with the outcome sometimes being minimized in favor of the project proponent. In addition, multi-disciplinary teams are rarely used and in most cases the practitioners are uni-disciplinary, usually with a degree in biology and some evaluation tools (such as Leopold's matrix [13] ), which are then rarely utilized in the process [38] . In essence, the impact analysis is limited to subjective guesswork by underqualified individuals hired by project proponents.
The World Bank Group has funded 14.2 billion Nigerian dollars since 1958 for several infrastructure projects in the country [42] . With the recent decease in oil market values, Nigeria has again turned to the African Development Fund and World Bank for more funding to boost infrastructure projects and buffer the national economy. Considering these funding sources and their need to hedge against risk, a quantitative impact and risk analysis in both private and public-sector projects would be highly desirable.
Criticisms of Existing Approaches: What Role for Science?
Comparative studies done on the state of EIA highlight numerous political, economic, legislative, administrative and, most pointedly, scientific weaknesses in the impact analysis itself. According to Cashmore (2004) [43] , there has been no standardized requirements for EIA practitioners, other than expertise in biology or ecology, but no certifications or other proof of expertise are required. This is still true today in a majority of countries. Training programs exist in most developed nations, but there are no requirements for their fulfillment to write the document [44] .
Many countries follow the EIA process described above (Section 3). Nonetheless, when Canter and Sadler (1997) [26] examined EIA methodologies, they found that, while some EIA guidelines and directives do specify acceptable methods, in other places, it is left to the discretion of the practitioner [26, 44, 45] . This creates a potential conflict of interest because the practitioner is, in many cases, being hired directly as a consultant by the project proponent or promoter. For instance, since the proponent wishes to have a cost-effective EIA, the practitioner can be pressured to rationalize a lower standard of analysis [4, 44] .
It is generally agreed within the EIA community, that quantifiable and predictive impact assessments are desirable, but lacking. Some authors have examined the role a more scientific method would play in the decision-making process of an EIA [44] [45] [46] . Several authors have proposed a broader model for EIA which would serve to shift the focus to a substantive role-a change that would require using quantitative scientific approaches, statistically tested hypotheses, and verifications at each step of the process [8, 44, 45, 47] . We believe that working toward an evidence-based and testable impact assessment is central to achieving this aim.
One recurring criticism is that impact predictions employ an informal method of cause and effect deduced from analogy and precedent without incorporating recent scientific advances [44, 45, 47] . Morrison-Saunders [47] interviewed experts in Western Australia and found that they had varying expectations for the role of science in EIA depending on the type of project, its location, and the stage of the EIA process. For example, most practitioners found more science/scientific analysis was involved in baseline and impact predictions than in the mitigation and monitoring stages. However, even the sampling methods for establishing baselines have been found unreliable in many instances. This concerns not just data collection, but also the definition and characterization of what a defensible baseline condition(s) is and the identification of suitable reference sites remain fundamental challenges when dynamic processes are involved [2] . In the EIA community, there seems to be a consensus regarding the need for quantification, but there is a lack of normalized practices that would incorporate and transmit such changes.
In 2015 Leung et al. [48] , examined how uncertainty was treated in EIAs. They found only 134 journal papers (published between 1970 and 2013) discussed uncertainty in impact assessments and the majority (75%) were published after 2005. One of the themes emphasized by these authors was that uncertainties regarding impact predictions were not fully disclosed and, therefore, not being included in the decision-making process. In 2006, Tennoy and Kvaerner [49] examined 22 case studies and concluded that uncertainty regarding the limitations of predictions was not only not disclosed to decision makers, but also the underlying assumptions and input data quality were not discussed in EIA. We can only conclude that while the EIA community understands the limitations inherent in impact predictions, and critical information regarding impact, risk, and uncertainty are apparently not being communicated sufficiently, or at all. This is not necessarily the fault of the EIA practitioner, but can be limited by the amount of funding allocated to data gathering efforts. Conventional methods of data collection, particularly when confronted with large spatial and long temporal scales, are very costly. Consequently, when confronted with expensive monitoring efforts developers tend to keep these funds for the project itself, rather than allocate for further environmental investigation.
What about Risk Assessment?
While most EIAs evaluate a project's possible alternative impacts, surprisingly they do not examine the inherent risks involved with various specific activities [3, 50] . Risk is generally defined as the "likelihood that a harmful consequence will occur as the result of an action or condition" [51] . The risk assessment process involves analyzing agents and exposure potential, characterizing the potential for adverse effects, defining uncertainties, generating options to minimize risks identified, and communicating information about these risks. This process provides a technical basis for evaluating current environmental conditions and forecasting future conditions under selected scenarios [52] .
Advanced risk assessments can incorporate large amounts of technical information and even societal values.
The separation of risk analysis from the EIA does not make economic sense for project proponents who need to have quantifiable predictions of risks. Today both the risk and impact assessment process are a component of corporate and institutional lending. Lending institutions, such as the World Bank, the International Monetary Fund (IMF), and regional banks have a strong incentive to understand the environmental implications of their lending decisions. If the EIA considers only project level actions and does not examine other activities (either already existing in the area, or subsequent projects that may be a result from this project in the future) the sustained and comprehensive impact on the environment is neglected. Thus, the risks of missing the real environmental impact of such an operation are unappreciated by decision makers.
In addition, there are other risks that many times are not addressed in this "project development stage" approach to EIA. For example, in fracking and offshore oil drilling, many times the transport risks of such resources are neglected altogether [53] . Do we need to consider in a risk analysis the possible impacts of the transport of petroleum during shipping, as in the Exxon Valdez instance? Should the impact(s) of a possible well leak, as in Deep Water Horizon, be included? We note that the Deep-Water Horizon project was given a "categorical exemption" under NEPA in the US and was not required to even produce an EIA [54] . This type of impact would not likely have been evaluated in the EIA, as it is not considered a "stage" of project development.
Finally, risks are not static concepts but evolve as societies, technologies, and environments change. For example, today we could add the general category of climate change and all accompanying effects, such as: increasing insect damages to crops, increasing severe weather events, rising sea levels . . . etc. Other "new" risks not often mentioned are: acid rain, ozone depletion, urban sprawl, the effects of genetically engineered organisms, and radioactive waste disposal [55] . Public concern about the state of the natural environment poses risks for the state of a funding institution's lending portfolio, which has generated a need for more precise and quantitative analyses of potential impacts that are linked directly to risk.
A Roadmap to Change: System-Based Environmental Impact Assessment (SBEIA)
It is the assertion of this viewpoint that EIA remains a strong foundational tool. It has the advantage of already being in place, but there needs to be discussion about how to move towards a statistically relevant impact and risk analysis that can be applied in both developed and transitioning nations. We argue that this is necessary in all environments, but particularly in the marine realm, because of the nature of oceanic environments that make containing negative outcomes (like contaminant release or alien species or pathogens) extremely difficult and costly. In addition, the complications in Areas Beyond National Jurisdiction (ABNJ) add another difficult element to impact and risk assessments. Therefore, a new approach has become urgent.
We therefore propose a new approach to EIA, that we call a System-Based EIA (SBEIA; Figure 2 ), which is inspired by the technical definition of an "Ecosystem" within ecological theory. From this point of view, the fundamental property of an ecosystem is that all organisms find the condition for their co-existence in their environment (both abiotic and biotic). This means that the model must encompass in the same conceptual framework living organisms, ecological interactions, and physical factors (including environmental conditions and resources), ensuring that living organisms can persist under the defined "environmental" conditions. The framework moves System-Based modelling, sensitivity analyses, and validation to the center of the IA process (Figure 2 ), but does not guaranty an internal condition for the coexistence of living organisms, rather defined general conditions for their presence within the EIA domain. It aims to provide policy makers, funding institutions, companies, and the public a comprehensive, data-driven picture of the eco-systemic, economic, and societal costs and benefits of a particular project design, alternative scenarios, as well as daily operations. In addition, we assert that the adoption of an SBEIA type framework would constitute an economic rationality for project proponents and lenders. This could provide an added impetus for more accurate impact assessments in transitioning nations, where large, international institutions, such as the IMF and World Bank fund many infrastructure projects. Earlier in 2017, the authors published a technical article [2] defining the SBEIA method both theoretically and technically. This article outlines the mathematical modelling theory of the SBEIA method as well as the statistical analyses used for determining impact thresholds. This article also used as a case study an actual development project in the Eastern Mediterranean Sea, and applied the SBEIA method. This case study provided quantitative results of impact on primary productivity based on the published data. The following text summarizes the theoretical methods and application of the SBEIA, and the implications for EIAs on a global scale.
The SBEIA framework we propose means implementing a statistically rigorous framework to evaluate project impacts [2] . The SBEIA process can help establish what the most significant factors and processes are in the surrounding environment by modeling, to elucidate the sensitivity of certain variables. The SBEIA process starts with understanding the physical-chemical changes caused by a project, associating those changes with ecosystem function changes, and then applying those changes to understanding impacts on receptors. SBEIA promotes data input under different project scenarios and at different stages, making the methodology dynamic, repeatable and adaptable (Figure 2 ). For instance, new engineering solutions, mitigation actions, and other new survey and monitoring data can provide a continuous input into the model and re-assessment of the results and regulatory actions and financial assessments can be incorporated into the process to ensure stakeholder goals are met. A comparison between the conventional EIA framework and the proposed SBEIA method is summarized below in Table 1 .
For the SBEIA framework to become truly quantitative, it must be built upon a numerical and statistical framework, where variables are allowed to interact and manipulate one another, and the resulting states can be expressed numerically. SBEIA is based on a modeling platform that can predict the physical processes that dominate an ecosystem and their associated impacts on the chemical and biological spheres within the system for both the project area and its surroundings. Allowing the foundation of the EIA to evolve from qualitative screening and conceptualization to a numerical and Earlier in 2017, the authors published a technical article [2] defining the SBEIA method both theoretically and technically. This article outlines the mathematical modelling theory of the SBEIA method as well as the statistical analyses used for determining impact thresholds. This article also used as a case study an actual development project in the Eastern Mediterranean Sea, and applied the SBEIA method. This case study provided quantitative results of impact on primary productivity based on the published data. The following text summarizes the theoretical methods and application of the SBEIA, and the implications for EIAs on a global scale.
For the SBEIA framework to become truly quantitative, it must be built upon a numerical and statistical framework, where variables are allowed to interact and manipulate one another, and the resulting states can be expressed numerically. SBEIA is based on a modeling platform that can predict the physical processes that dominate an ecosystem and their associated impacts on the chemical and biological spheres within the system for both the project area and its surroundings. Allowing the foundation of the EIA to evolve from qualitative screening and conceptualization to a numerical and statistically driven approach gives the SBEIA the power to be quantitative in both the prediction of impact, and the level of confidence of the predictions. SBEIA provides for the precise repetition of the methodology. In more qualitative EIA methods, the determination of receptors and impacts has the potential to be subjectively chosen based on the inherent biases of a client, consultant, agency, and/or cultural importance. An SBEIA approach rooted in mathematical relationships enforces a clear methodology that can be recreated by another user. An SBEIA modelling framework is one that attempts to model the entire system, and not isolate individual receptors. In doing this, one gets a better understanding of the physical and chemical processes that drive the ecosystem they are working in, and how a proposed impact will alter these processes. Identifying the changes in the natural processes of an ecosystem highlights the fundamental drivers of change in an ecosystem and to important receptors. Too often, the EIA process is composed of unidirectional conceptual models that state, for example, the introduction of a Stress A will have an impact on Receptor X. Conversely, the SBEIA approach introduces a network of variables and receptors that are linked numerically in a rigorous statistical framework. When introducing the same stress on the SBEIA model system, the impact is propagated throughout the network providing, in theory, a more accurate evaluation of impact both to the entire system and for specific receptors.
Another alternative to conventional EIA is the Life Cycle Impact Assessment method, which is a part of the more general Life Cycle Analysis framework. Life Cycle Analysis attempts to encompass the entire set of processes and resources that the project will exploit from the beginning to the end of the project. Thus, Life Cycle Impact Assessment (LCIA) formalizes the environmental impact of the successive steps of a project during its lifetime, from implementation to decommissioning. It is, therefore, project oriented and differs from SBEIA, which, on the contrary, is ecosystem oriented, focused on the dynamics of the ecosystem processes. It therefore, does not identify explicitly a beginning or end as the LCIA implies, but implies the project activity is inserted into an existing set of dynamic processes.
In addition, the LCIA rests on an information tool called the Life Cycle Inventory (LCI). The LCI aims to describe exhaustively all components of the project realization, and their effects on the environment at each step, including potential disturbances. This approach is modelled after concepts of organismal life cycle history used in biological research, and suffers from the same weakness regarding ecological analyses: is does not replace the project (or organism) within the ecological system in which it is imbedded, but instead attempts to identify various threats at different stages or steps and their possible consequences on public health [56] . Absence of adequate data to describe in identical, or even relevant, detail all the processes, transformations and consequences encountered or implicated during a project can render this approach ineffectual. Whereas the process-oriented modelling of SBEIA permits representation of well-known ecosystem processes in scenarios even when little or no data are available.
Finally, in the SBEIA framework, baselines and reference conditions assume a central role. All impacts are determined relative to baseline conditions. These can be environmental variables such as sediment types, current flow, wind velocity, the biomass of primary producers in the system, chemical constituents, and/or temperature. For instance, if a small bay or inlet has been showing increasing signs of oxygen depletion due to harmful algal blooms in recent decades, this trend for a reduction in dissolved oxygen content needs to be considered as an overall trend in the system, and baseline data collection and proceeding impact analyses need to take this into account. The establishment of accurate baseline parameters in the system is critical to establishing whether an impact is statistically significant. The differences in the outcome on the receptor can then be evaluated for statistically significant changes. This adds an element of scientifically rigorous analyses not previously available in traditional EIA practices. It also provides a method to evaluate how sensitive a receptor is to changes, because the greater the change, the more sensitive the receptor is to change [2] .
Some Suggested Changes to Current Practice
The determination of projects that require an EIA is usually decided by the country's governing authority or, in some cases, by corporate standards. However, since many of these projects obtain funding from banking institutions, even if the governing authority is vague, it would behoove the project proponent and lender to at least consider the benefits of developing a quantitative EIA to protect lender funds. This could be encouraged during the screening phase, with input from both the governing authority and the proponent.
The scoping phase would then begin after the first modelling results are communicated. Stakeholders and the public would then decide which aspects of the project should be focused upon. A system predictive modeling approach can be adapted in the scoping phase, exploiting existing datasets for parameter estimates. This becomes an exploratory tool for determining where the focus of the EIA should be headed: i.e., if an expert suggests there might be a reduction in primary producers expected, this decrease could be incorporated into a scenario that explores how the stock of a locally fished marine species could be affected, which could put local industries at risk. The outcomes would also be used to identify critical data gaps and refine additional data collection efforts.
The SBEIA process then would continue based on the scoping results. In the case of all projects, and specifically in marine projects, geotechnical data (e.g., sediment structure, bathymetry surveys, etc.) will be required for engineering the proposed structure or structures. The EIA team, after scoping, can either use this data as is, or suggest expanding data collection to minimize impact (and associated risk) for the project proponent and lenders.
After baselines are determined, EIA practitioners can then quantify impacts under different project scenarios, and may incorporate the socio-economic activity as a driver of change [2] , impacts on other ecosystem parameters, and even landscape-wide impacts could be examined. Project alternatives can then be assessed, thereby providing decision makers with quantifiable data to base project decisions upon and to find the least impactful scenarios, or at least establish "tradeoffs". For example, if a specific project alternative is found to impact a certain amount of biomass of primary producers, the modeling of that impact would show the extended effects on other ecosystem variables due to this change. The predictive modeling method can give the project proponent valuable information regarding at what point the magnitude of change would have costly effects. This makes the proponent and government/regulatory agency aware of when the proposed activity could generate more impact than is cost effective for them and possibly unsustainable for the ecosystem and local economies. These same modeling tools can be utilized in the mitigation and monitoring stages of EIA to evaluate the effectiveness of mitigating measures.
Conclusions
This viewpoint contends that the quantification of impacts and risks to ecosystems can be achieved with an SBEIA approach. This approach benefits decision makers and stakeholders, as it would utilize data-driven modeling of the effects of project activities to predict impacts in terms of a probability with a quantifiable error [2] .
With recent advances in survey technologies, particularly for the marine environment, such as autonomous vehicles and remote sensing devices, the collection of relevant temporal and spatial environmental data for baseline analysis and impact assessments has become more accessible and affordable. Much of the data required for establishing baseline conditions for the EIA is, many times, collected by the project proponent pre-construction to assist with engineering, especially in marine habitats. In this age of big data, EIA needs to adapt to utilize this data in a statistically rigorous manner. The SBEIA approach, as described further in this publication, will move the aim of EIA from its proximate goal of evaluating social, economic, and ecological impacts from project activities, to its substantive goal of sustainable development. This quantitative framework aims to provide the ability to identify data gaps, design baseline surveys with proper statistical power, and plan effective monitoring for model validation. This system-based modeling can be iteratively run as more accurate measurements are collected, and the company can enhance the accuracy of impact and risk predictions of various scenarios and minimize them and their costs. This approach allows for the simulation of engineering alternatives, the assessment of the success of mitigation, and predictions that are supported by Bayesian statistics that may be required for social or regulatory compliance [2] .
We acknowledge that the implementation of these changes within the industry, albeit readily possible and an improvement on the current state of EIA, will still require shifts in how regulatory entities communicate and a commitment from political entities. The science and technology is available, yet we acknowledge that political issues can present blockages, as evidenced in our comparative review of EIA for various countries. However, the power of a quantitative EIA is its ability to relate to risk assessments and the associated financial implications, and it is our assertion that this aspect of our viewpoint can create the needed economic incentive for companies, stakeholders, and governments to pursue this methodology. This is particularly applicable to transitioning nations, as infrastructure improvement projects rely on funding from international banks, and these funding institutions would benefit from a thorough SBEIA approach.
EIA remains a valuable mandated tool that is used to evaluate project activities, alternatives, and environmental impacts. This viewpoint presents the argument that current technologies (hydrodynamic computer modeling, remote sensing technologies, autonomous survey technologies) allow EIA practitioners to incorporate a quantitative system-based modeling approach. This will shift the perspective from EIA from a decision-making tool to something that can be used to quantitatively predict impacts, and possible changes to entire systems, including socioeconomic factors as drivers of change. Risk analyses can be easily integrated by incorporating accident scenarios. Accurate data can be collected and shared in the scoping and screening phases to focus EIA.
The shift to this technological and quantifiable methodology can be taught to practitioners and funded by either project proponents or lenders. It is our assertion that the integration of this system-based modeling to quantify impacts and risks into EIA is economically feasible and will not only move EIA towards it "substantive" goal of preserving ecosystem functions, but will also be financially beneficial to the private and public sector. Appendix A Table A1 . Comparison of EIA practices in the US and the EU [20] .
Actions US [20] EU [20]
Types of activities requiring EIA Public projects that are determined to have a significant impact on the environment require an EIA. However, public projects include any activity financed, assisted, or regulated by a federal agency, many private projects are subject to EIA. Does not apply to policies or programs.
Public and private projects that are likely to have a significant impact. Does not apply to policy or programs, but new SEA directive requires that. Annex 1 projects: mostly large infrastructure projects. Annex II projects: projects that Member states may require EIA and may exempt "in exceptional cases". National defense projects and projects "the details of which are adopted by a specific act of national legislation" are not covered by the EC EIA directive.
Screening
Each federal agency has a list of projects that have been shown to not have significant impacts. For all other projects, a preliminary assessment is performed to determine if EIA is required.
Projects subjected to screening by category. Annex I require EIA, Annex II only require one if Member state determines it is necessary.
Who conducts EIA?
NEPA requires federal agency to conduct. Agency may hire consultants. Project proponents are forbidden to partake in the process of who will conduct the EIA. They can prepare preliminary assessments, but EIA is not prepared by project proponents EC directive requires the project proponent to prepare the EIA, whether that be private or public.
Who pays for EIA?
Federal agencies are authorized to recover costs from project proponents, but only a minority of agencies have done so. Therefore, the financial burden falls on the taxpayer.
No guidance in directive. It is left up to Member States to decide.
When does EIA begin? Earliest possible time in project development. Not specified.
Scoping
Public is notified of intent to produce EIA and participation is encouraged in scoping. Agency with jurisdiction determines final scope. Needs to consider "connected actions, cumulative actions, and similar actions". Also, direct and indirect impacts, and cumulative impacts Directive does not discuss scoping, but does give some guidance: project description, site description, project size and design, measure used to reduce impacts, and data required. Member States may require more specific information. Alternatives must be analyzed also.
What types of impacts?
1. Impact of project 2.
Adverse impacts that can't be avoided 3.
Relationship between short term use of the environment and enhancement and maintenance of long term productivity 4.
Irreversible commitments of resources required by project.
All must be discussed for all alternatives. Must also discuss any conflicts with other projects, energy requirements, resource requirements, and mitigation measures.
Directive simply states: "identify, describe, and assess direct and indirect impacts on human beings, flora, fauna, soil, water, air, climate, landscape, and the interaction between them, and material assets and the cultural heritage". Table A1 . Cont.
Actions US [20] EU [20]
Alternative analysis required? Impacts of all reasonable alternatives must be analyzed Member states decide whether alternative analysis may be included. If so, the developer decides alternatives to be discussed.
Mitigation measures?
Document must include mitigation measures, but agency is not required to adopt them, and, if not, they must explain why not. If adopted, lead agency must ensure they are enacted.
EIA must contain a description of the measures envisaged in order to avoid, reduce and, if possible, remedy significant adverse effects.
When must EIA be completed?
No action can be taken until 30 days after publication of EIA and public notification, filing with EPA.
The EC Directive does not specify when the EIA document must be completed, but states that projects must be made subject to EIA before consent to proceed with the project is given.
Appendix B Proponent announces intention to produce EIA, public consultation during scoping, competent authority advises the process to ensure guidelines are followed. Conflict of interest not addressed in law.
Participant funding available for limited financial support to non-profits, individuals, and Aboriginal groups. Cost recovery regulations are in place to recover costs from proponent.
Cost Recovery under the Environment Protection and Biodiversity Conservation Act 1999 which provides that 'those who create the need for regulation should incur the costs.
Not mandated by law, but usually project proponent. Bond may be required by government discretion.
Project proponent pays for EIA. If government project or major government funding is provided, the government agency funds EIA. Very early on when screening determines an EIA required.
After screening by agency determines significant impact.
Begins in scoping phase after EIA is announced by Competent Authority.
Scoping
Agency conducting project or proponent. Public comments are encouraged during scoping.
Scoping document (ESD) prepared by project proponent with guidance of govt may or may not be presented to public for a two week review period after it is completed.
Done by project proponent with input from public comment. 
